A frequency ratio RatioXH associated with two carrier frequencies in ppm is introduced for achieving auto-offsetting and -referencing (AOR) in biomolecular NMR. Once the center of 1 H is referenced, all the offsets in other dimensions are automatically determined and the centers of the spectral widths provide accurate indirect references. Since the scale in ppm is independent of the magnetic field strength, the AOR does not require manually updating carrier frequencies from time to time, making the multidimensional NMR experiments greatly simplified and reliable. It is extremely valuable when molecules need to be run a large number of experiments at different times and the data (chemical shifts, for example) need to be compared with each other. In AOR, the error arising from improper referencing of 1 H is handed down in the same amount to the other nuclei being referenced. This error-inheritance provides a measure of accuracy in indirect referencing. The temperature dependence of the frequency ratio of DSS is derived with the first-order approximation and it can be used for temperature dependent AOR. For nuclei other than 13 C, certain frequency ratios regarding TMS need to be derived (rather than measured) based on the recommended frequency ratios of DSS, thus avoiding conflicts and unifying the two standards.
INTRODUCTION
In NMR, the resonance frequency of nuclei in a strong magnetic field (B 0 ) is determined by the Zeeman (B 0 ) and shielding (B 0 ) interactions [1, 2] . The shielding interaction is induced by the nearby electrons precessing at their own Larmor frequencies, which produce a very small magnetic field at the site of the nucleus. As the Larmor frequency of the electrons, it is also proportional to B 0 . The shielding coefficient  is referred to as chemical shift, which contains rich information about local molecular structures in solids [3] (chemical shift anisotropy) and in liquids (isotropic part only).
Due to the nature that both of the Zeeman and shielding interactions are proportional to B 0 , the NMR spectra obtained under different field strengths are comparable in terms of a universal scale in ppm. In comparison, a reference molecule, such as dimethylsilapentane sulfonic acid (DSS, C 6 H 16 O 3 SSi) or tetramethylsilane (TMS, (CH 3 ) 4 Si) is often used, where the methyl 1 H and 13 C are well shielded by the low electronegativity of the silicon. As a result, their resonances are shifted to far upper field and are both defined as 0 ppm. For most naturally occurring molecules, the NMR peaks referenced to DSS or TMS appear in the positive region with increasing frequency [4] [5] [6] .
Since the reference peaks depend on solvent, temperature, pH (measured internally), and susceptibility (measured externally), direct referencing becomes problematic sometimes. The situation can be alleviated considerably by using a frequency ratio R CH (0) between the 13 C and 1 H (both defined as 0 ppm) of a reference molecule in order to reference 13 C from 1 H [7] [8] [9] . This scheme is referred to as indirect referencing in the NMR literature. The recommended ratios for DSS and TMS are CH (0) = 0.251449530 [8] [9] [10] and CH R (0) = 0.25145020 [11] , respectively. The two ratios are very close and so are the differences of their 1 H and 13 C chemical shifts, respectively. On the scale of TMS, the 1 H chemical shift of DSS (both molecules in the same aqueous solution), H ppm [12] . The accuracy of the indirect referencing relies exclusively on the 1 H referencing, which is much easier to handle, es-DSS pecially for biomolecular NMR experiments with inverse ( 1 H) detection. The indirect referencing has been extended to nuclei other than 13 C, where the frequency ratio XH is measured between the two nuclei, X and 1 H in two different molecules. Conflicting results may arise if both DSS and TMS standards are used to reference a nucleus other than 13 C due to incompatibility of the two measured ratios. To avoid the conflict, only one of the ratios should be measured and the other must be calculated.
(0) R Experimentally, the carrier frequencies, which irradiate at the centers of the spectral widths in quadrature detection [13] and are intimately related to frequency referencing, play important roles because misplaced carrier frequency may introduce improper excitation and poor decoupling. Further more, correct carrier frequencies must be determined before the experiments although referencing can be done after data collection. If the 1 H carrier frequency can be set correctly, offsetting and referencing in all the indirectly detected dimensions can be done automatically. This method is referred to autooffsetting and -referencing (AOR). A convenient way to do AOR is to define the ratios between carrier frequencies in terms of ppm rather than frequency. Since ppm is independent of magnetic field strength and it remains the same from time to time, the AOR simplifies NMR experiments, saves considerable time, renders proper excitation and decoupling, and provides accurate indirect referencing. With slight modification, it can also be applied to direct detection of nuclei other than 1 H.
THE RATIOS BETWEEN CARRIER FREQUENCIES
In most biomolecular NMR experiments, the chemical shift regions to be excited are often known in terms of ppm, while the carrier frequencies in terms of Hz are not. Besides, ppm is independent of the magnetic field strength and needs not chang from time to time. It would be much simpler and more convenient to input the spectral centers in ppm rather than in Hz. This can be accomplished by introducing a frequency ratio, RatioXH, between the carrier frequency of 1 H, CFH (in ppm) of the directly detected dimension, and the carrier frequency of an X nucleus, CFX (in ppm) in the indirect dimension.
As shown in Figure 1 , the ratio between the two carrier frequencies can be expressed as 
Unlike any other frequency ratios, RatioXH is, in general, not fixed and depends on both CFX and CFH, which are related to particular experiments. The usefulness of this ratio relies on the fact that it is derived from the ppm values rather than the actual frequencies, simplifying experiments considerably. In the RatioXH, CFH can be determined if any of the 1 H peak is referenced while CFX is usually a known value, 174 ppm for 13 CO for example.
Some of the common frequency ratios in double-and triple-resonance experiments are listed in Table 1 . They can be used as a quick check of experimental settings.
DETERMINATION OF OFFSETS IN THE INDIRECT DIMENSIONS
Since the NMR magnetic field is constantly drifting (several Hz per hour for instance), the frequency offsets often need to be adjusted for accommodating the drifting of the magnetic field. The 1 H offset is the most convenient one to set up in experiments with inverse detection because the spectrum can be obtained directly. Once it is done, all the other offsets can be derived by the NMR instrument from the RatioXH. The AOR can be achieved in experiments by properly defining the offsets, 13 C offset (dofC) for instance, which is required by the CFC and can be calculated by the NMR instrument using the relationship 
where sfrq, according to Varian's notation, is the transmitter frequency of the observe channel used here for 1 H and dfrq is the first decouple frequency used here for 13 C. In general, sfrq and dfrq depend on magnetic field strength, lock frequency, solvent, etc., while RatioCH should be independent of these parameters and it must remain the same from time to time. To reference the CFH, only the transmitter offset (tof) needs to be adjusted and sfrq is updated every time when a new tof is entered. On the other hand, dofC, calculated on the fly, varies accordingly in order to make the RatioCH invariant. The calculated dofC is then used at the beginning of the pulse sequence as an additional offset of the 13 C channel, making the carrier frequency (dfrq + dofC) irradiating exactly on the desired center, CFC. The CFC in turn serves as an accurate indirect reference for 13 C dimension.
ERROR-INHERITANCE IN THE INDIRECT REFERENCING
In the indirect referencing, the error occurring in referencing CFH will cause an error in the calculation of dofC, which can be determined by the following relation, 
The error in ppm is then
The above equation is referred to as error-inheritance and it shows that the same amount of error in ppm in the 1 H referencing is inherited by 13 C referencing. The error, however, is reduced by a factor of H C   in terms of Hz. It is therefore better to use a nucleus with a higher geomagnetic ratio to reference the others. CO RF field is then on-resonance at 173.9 ppm instead of 174 ppm. Yet, this center is still referenced as 174 ppm since CFC = 174 ppm is used in Eq.2b. Under this circumstance, CFC = (174 -173.9) ppm = 0.1 ppm, or CFC = CFH, in agreement with the definition of error-inheritance.
RELATIONSHIP BETWEEN THE REFERENCES TO DSS AND TMS
The proton chemical shift of DSS on the scale of TMS (both in aqueous solution) has been determined [12] , 
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Because is negative, the 13 C peak of DSS is located in the upper field than that of TMS. The separation between the two reference peaks in 13 C is much greater than in 1 H. Given the relative chemical shifts and , the 13 C and 1 H chemical shifts referenced to DSS and to TMS can be conveniently converted from one to the other.
DSS TMS C
  DSS T C   DSS TMS H   MS
THE FREQUENCY RATIOS FOR NUCLEI OTHER THAN 13 C
The frequency ratio between an X nucleus used as a reference in a molecule and 1 H in DSS is defined as  is the transition frequency of the X ( 13 C) nucleus used as a reference. The definition of Eq.7 can also be applied to TMS. So far a number of have been determined as shown in Table 2 [4, 7, 11, 12, 14] . It is important to note that conflicting results may arise if both measured values of and XH are used to reference an X peak. In other words, indirect referencing using and may be different even though both reference the same nucleus X that belongs neither to DSS nor to TMS. The conflict is caused by differences in samples, experimental conditions, and improper measurements of the two ratios. To resolve this issue, may be used as references and from which the corresponding are derived. To this end, the relationship between the two ratios needs to be established as shown in the following. 
.
To avoid conflict, only one of the ratios should be measured. It can be shown from Eq.8b that RatioXH in Eq.1 (where CFN = 120 ppm while CFH = 4.80 ppm for DSS and 4.8173 ppm for TMS) is invariant (RatioNH = 0.101340791) or irrespective to DSS and TMS standards, thus preserving experimental setting as well as indirect referencing. As a result, the chemical shift of an X nucleus, either referenced to DSS or to TMS, is the same. Some of the calculated with Eq.8b are listed in Table 2 function of temperature can be described by
where T is the sample temperature in ˚C.
TEMPERATURE DEPENDENT FREQUENCY RATIO AND AOR
The frequency ratio XH (Eq.1) is defined at 25˚C. Since both transition frequencies, X (0) R (0)
 and H (0)  , depend on temperature, their ratio also depends on temperature
where X X 25
Here, only the first-order correction is taken into account because the variation of the ratio is small. 
According to our measurements of DSS with the same sample mentioned in the previous section, C   = 0.00448 ppm/˚C and H   = 0.00048 ppm/˚C near 25˚C. It follows that temperature dependence of the frequency ratio of DSS near 25˚C
From Eqs.1 and 12, the temperature dependent ratio between carrier frequencies can be derived,
Based on the above results, the temperature dependent AOR can be achieved. As an example, we consider an experiment of HCCH_TOCSY with a CFC at 35 ppm (Table 1 ) and a sample with 90% H 2 O/10% D 2 O at a temperature of 35˚C. From Eq.12, the temperature dependent ratio can be derived . According to the temperature dependence of H 2 O (Eq.9), the = 4.712 ppm. At this moment, the temperature dependence of DSS has not been taken into account. 
with , CFH and CFC (Eqs.14 and 15), all referenced to DSS at 35˚C, the ratio of the carrier frequency can be derived from Eq.13, leading to a temperature dependent AOR with the
EXPERIMENTAL
To test the scheme of AOR with proper ratios of carrier frequencies, a gradient enhanced HNCO experiment was performed with and without AOR. As described above, dofC and dofN are defined in the pulse sequence and they are calculated with Eq.2b. These two values are then used as additional offsets inserted at the beginning of the pulse sequence: decoffset (dofC + dof) and dec2offset (dofN + dof2) in Varian's notation. To convert any Varian HCN triple-resonance sequence to an AOR variant using the DSS standard, the additions to the C code is shown below: double CFH = getval("CFH"), In addition, the dg panel of the VnmrJ is modified slightly (Figure 2) , where, in contrast to the conventional display, CFH, CFC, and CFN in ppm are added.
In AOR experiments, the water peak can be served as 1 H reference and is set on-resonance. To determine the proton offset (tof), a separate single pulse sequence is used with an acquisition time of 4 s. A flip-angle about 15˚ is used instead of 90˚ to avoid ADC overflow and the effect of radiation damping at high magnetic field [1, 15] . The H 2 O spectrum is shown in Figure 3 , where the value of tof is determined and then used in the experiments with AOR. At 25˚C, CFH is set to 4.80 ppm. The method of AOR can also be applied to direct measurement of nuclei other than 1 H, where the first decouple channel may be used for proton. For Varian NMR instrument, the offset (dof) is set on-resonance to H 2 O, where dof is the same as the tof that is derived from the single pulse experiment (Figure 3) . The NMR 15 N is calculated using the RatioNH and placed exactly at 120 ppm just before pulsing. As a result, the center of the spectrum is 120 ppm, which serves also as an indirect reference. To demonstrate the effect of the error-inheritance, CFH was misplaced by 0.1 ppm from 4.80 to 4.90 ppm, correspondingly the 15 N peak shifts the same amount as predicted by the error-inheritance (Eq.4). 
CONCLUTIONS
In multidimensional NMR, the ratio between carrier frequencies can be expressed as XH . From the ratio, the required offset for a desired CFX can be generated by the NMR instrument as long as CFH is referenced. In this way, the centers of the indirectly detected dimensions can be inputted in ppm rather than in frequencies. Given the temperature dependence of the reference molecule, AOR can be easily extended to temperatures beyond 25˚C, at which the frequency ratio is defined. For nuclei other than 13 C, indirect referencing may cause conflict when two measured ratios XH and XH are used. To avoid this, only one of the two ratios needs to be measured and the other should be calculated based on the relationship between the two standards.
DSS (0) R TMS (0) R
Since the error (CFH) arising from improper referencing of 1 H is handed down to the X nucleus, i.e., CFX  CFH, the accuracy of the indirect referencing relies solely on the 1 H referencing, which is much easier to handle, especially for experiments with inverse detection.
AOR can be applied not only to experiments with inverse detection but also to direct detection of X nuclei with proper referencing. It is indispensable in research and industry, where slight differences of chemical shifts among different molecules need to be identified or large number of samples need to be run and analyzed daily.
